Introduction
The dental follicle, originating from the cranial neural crest, is a loose ectomesenchyme-derived tissue, which surrounds the dental papilla and enamel organ during the development of teeth. The dental follicle develops into periodontal supporting tissues, which serve important functions, including in support, buffering, rebuilding and regeneration (1) . hdFcs exhibit a high capacity for proliferation, self-renewal and multi-directional differentiation, and form structures, including the cementum and periodontal ligament (Pdl), when subcutaneously transplanted into immunodeficient mice (2, 3) . hdFcs share a similar phenotype with human Pdlcs (hPdlcs), including a mineralization ability, and they also exhibit apparent embryonic characteristics, including pluripotency, heterogeneity and a higher potential for cementum formation in vivo (4) (5) (6) . it has been suggested that hdFcs may provide a new source of seed cells for stem cell therapy and periodontal tissue engineering. Therefore, understanding the key target genes and underlying molecular mechanisms of hdFc differentiation is required for promoting periodontal development and regeneration.
long non-coding rnas (lncrnas) are defined as non-protein coding rna molecules that are >200 nucleotides long (7) . lncrnas perform their biological effects through a number of mechanisms, including genetic imprinting, chromatin remodeling, cell cycle regulation, splicing and mrna inactivation. lncrnas control the pluripotency and stemness of embryonic stem cells and induced pluripotent stem cells, or promote the differentiation of pluripotent cells in the opposite manner. additionally, lncrnas may transcriptionally or post-transcriptionally regulate gene expression via different molecular mechanisms (8, 9) . an increasing number of studies indicate that lncrnas serve critical roles in the development of organs, including the brain (10) , heart (11), liver (12) , lungs (13) and bone (14) . lncRNAs also serve significant roles in tooth development. For example, the lncrna differentiation antagonizing non-protein coding rna (dancr) serves a role in reparative dentin formation and regenerative endodontics (15) . dancr is an essential mediator in the proliferation and differentiation of dental tissue-derived stem cells, including dental pulp stem cells, stem cells from the apical papilla and periodontal ligament stem cells (PdlScs) (16) . hdFcs and hPdlcs are essential cells in different stages of periodontal development. However, it remains unclear what potential roles lncrnas serve in periodontal development and whether lncrnas are involved in specific activities in different cells. Therefore the current study used microarrays to obtain the different expression profiles of lncRNAs and mRNAs between hDFCs and hPdlcs. Furthermore, the microarray data were validated by reverse transcription-quantitative polymerase chain reaction (rT-qPcr). Bioinformatics analyses were performed to predict the possible roles of the differentially expressed lncrnas and mrnas in periodontal development. The results demonstrated that lncrnas may serve critical roles in periodontal development, and provided a solid foundation for further research.
Comparison of long non-coding RNA expression profiles in human dental follicle cells and human periodontal ligament cells

Materials and methods
Cell culture. Human dental follicle and periodontal ligament samples were obtained from four adolescents (2 males and 2 females) between 12 and 16 years old following premolar and immature impacted third molar (roots developed to <2/3 their full size) extraction for orthodontic reasons. no significant differences were identified in age or sex. Participants included in the study had no history of systemic disease, smoking or specific medication. Tooth extraction was performed at the Hospital of Stomatology, Sun Yat-Sen university (Guangzhou, china) between June 2017 and July 2017. all experimental protocols were conducted under the guidelines set by the Sun Yat-Sen university ethics committee and written informed consent was obtained from all patients and their parents. hdFcs and hPdlcs were isolated as previously described (17, 18) . Briefly, dental follicle tissues were gently removed with a scalpel from where they attached to the root dentin and were digested in a solution containing 1 u/ml collagenase type i (Sigma-aldrich; Merck KGaa, darmstadt, Germany), hyaluronidase (Sigma-aldrich; Merck KGaa, darmstadt, Germany) and 1 u/ml dnase i (roche applied Science, Mannheim, Germany). Periodontal ligament tissues were isolated from the middle one-third of the root surface and digested in a solution of 3 mg/ml collagenase type i (Sigma-aldrich; Merck KGaa) and 4 mg/ml dispase (Sigma-aldrich; Merck KGaa). hdFcs and hPdlcs were cultured in Dulbecco's modified Eagle's medium supplemented with 20% fetal bovine serum (both Gibco; Thermo Fisher Scientific, inc., Waltham, Ma, uSa), 100 u/ml penicillin and 100 µg/ml streptomycin (Sigma-aldrich; Merck KGaa) at 37˚C in 5% CO 2 . every 2-3 days, the medium was replaced. When cells reached 80% confluence, they were passaged at a 1:3 ratio using 0.25% trypsin/edTa (Gibco; Thermo Fisher Scientific, inc.). Third-generation cells were used for the subsequent experiments.
RNA extraction. Total rna was extracted using Trizol ® reagent (invitrogen; Thermo Fisher Scientific, inc.). Quantification and quality checks were conducted using a nanodrop nd-1000 spectrophotometer (Thermo Fisher Scientific, inc.). rna integrity and genomic dna contamination were determined by denaturing agarose gel electrophoresis.
RNA microarray. The total rna was purified using an rneasy Mini kit (Qiagen GmbH, Hilden, Germany) and labeled with a Quick amp labeling kit (agilent Technologies, inc., Santa clara, ca, uSa). labeled rna was purified again using the rneasy Mini kit. The rna was subsequently hybridized onto an arraystar Human lncrna expression Microarray (version 4.0; arraystar, inc., rockville, Ma, uSa), which was designed for 30,586 lncrnas and 26,109 coding genes based on the refSeq (https://ncbi.nlm.nih.gov/refseq/), ucSc Known Genes and Gencode (https://genome.ucsc. edu/) and ensembl databases (http://ensemblgenomes.org/). agilent Feature extraction software (version 11.0.1.1; agilent Technologies, Santa clara, ca, uS) was used to analyze the acquired array images. The microarray data were deposited in the Gene expression omnibus (Geo; https://www.ncbi. nlm.nih.gov/geo/) and are accessible through Geo Series accession no. GSe124352. differentially expressed lncrnas and mrnas were identified to be statistically significant (fold change >2.0 or <-2.0; P<0.05) using a paired t-test. The microarray was performed by Kangchen BioTech co., ltd. (Shanghai, china). Subgroup analysis was conducted to classify the differentially expressed lncrnas according to their expression levels.
RT-qPCR analysis. Total rna of hdFcs and hPdlcs was reverse transcribed into complementary dna using an rT kit (Takara Bio, inc., otsu, Japan), conducted at 37˚C for 15 min and 85˚C for 5 sec. in total, six lncrnas and six mrnas were randomly selected for rT-qPcr analysis using the randBeTWeen function in Microsoft excel (version 2010, Microsoft corporation, redmond, Wa, uSa). rT-qPcr was performed using SYBr Green real-Time PCR Master mix (Invitrogen; Thermo Fisher Scientific, Inc.), and was run at 95˚C for 5 min, followed by 40 cycles at 95˚C for 10 sec, 65˚C for 20 sec and 72˚C for 30 sec. Primers were synthesized by Invitrogen; Thermo Fisher Scientific, Inc. (Table i ). The characteristics of the lncrnas are presented in Table ii . data were normalized to GaPdH and the relative level of gene expression was calculated using the 2 -ΔΔcq method (19) .
Bioinformatics analyses. Gene ontology (Go; http://geneontology.org/) was conducted to analyze the functions of the differentially expressed genes. Go analysis examines gene regulatory networks based on biological processes, cellular components and molecular functions (20) . a χ 2 test and a two-sided Fisher's exact test were used to classify the Go category. enrichment of the Go category was determined by the significance of the functions. Kyoto encyclopedia of Genes and Genomes (https://www.genome.jp/kegg/) pathway analysis of the differentially expressed mrnas was performed to identify the associated pathways. connections between the genes were revealed based on their associations in the identified pathways. In addition, a coding-non-coding gene co-expression (cnc) network was constructed to investigate the interactions between the differentially expressed lncrnas and mrnas. a number of differentially expressed mRNAs were identified to be associated with development. Pearson's correlation coefficient was calculated for each pair of lncRNAs and mRNAs, and the most significantly correlated genes (Pearson's correlation coefficient ≥0.90 or ≤-0.90; P<0.05) were selected to construct the network. The network was generated using cytoscape software (v2.8.2; https://cytoscape.org/). The default annotation categories were selected in the software and an enrichment score >2.0 was considered significant.
Transient transfection. hdFcs were transfected with 50 nM MeG3-small interfering (si)rna and nc-sirna using lipofectamine ® 3000 (invitrogen; Thermo Fisher Scientific, Inc.) at a density of 1.5x10 5 cells, according to the manufacturer's protocol. The MeG3-sirna and negative control (nc)-sirna were synthesized by Guangzhou riboBio co., ltd. (Guangzhou, china). The MeG3-sirna sequences were as follows: Gac TTa aac caa TGc ccT a, ccT cTT acc Taa aGa cTT a, ccc TcT TGc TTG TcT Tac T. The expression of pluripotency-associated genes was detected by rT-qPcr 72 h post-transfection.
Statistical analysis. data are presented as the mean ± standard deviation (n=3) and were analyzed using a Student's t-test. all statistical analysis was performed with SPSS 20.0 (iBM corp., armonk, nY, uSa). a fold-change >2.0 or <-2.0 and P<0.05 was considered to indicate a statistically significant difference.
Results
lncRNA and mRNA expression profiles of hDFCs and hPDLCs. Gene expression patterns of hdFcs and hPdlcs were screened with the high-throughput microarray method to reveal potential molecular mechanisms underlying hdFc development into periodontal tissues. Microarray probes detected 36,430 transcripts in hdFcs and hPdlcs ( Fig. 1) . A total of 845 lncRNAs were identified to be differentially expressed in the hdFcs and hPdlcs, of which 460 were upregulated and 385 were downregulated in the hdFcs compared with the hPdlcs. in addition, a total of 1,012 mrnas (6.12%) were differentially expressed, 553 mrnas were upregulated and 459 mrnas were downregulated in the hdFcs compared with the hPdlcs. a scatter plot was generated to visualize the variation in expression of lncrnas and mrnas in the hdFcs and hPdlcs ( Fig. 2a and B) . additionally, a volcano plot was used to visualize significantly differentially expressed lncRNAs and mrnas ( Fig. 2c and d) . Furthermore, the microarray results revealed the top ten differentially expressed lncrnas and mrnas (Tables iii and iV) . Subgroup analysis classified the differentially expressed lncrnas as intergenic lncrnas (lincrnas) and antisense lncrnas (aSlncrnas). The nearby protein-coding genes were identified to predict potential functions of lncRNAs. A total of 113 lincrnas and 35 aSlncrnas, including nr_033932, T152410, enST00000512129 and enST00000540293, were revealed to be located near known protein-coding genes.
To verify the reliability of the microarray data, six differentially expressed lncrnas and six differentially expressed mrnas were randomly selected for analysis of their expression levels by rT-qPcr. each differentially expressed gene was numbered and the randBeTWeen function in Microsoft excel was used. compared with hPdlcs, hdFcs exhibited decreased expression levels of the lncrnas nr_033917, nr_038367 and nr_026861, and the mrnas potassium two pore domain channel subfamily K member 12, c-c motif chemokine ligand 11 and midkine. By contrast, hdFcs demonstrated increased expression levels of the lncrnas nr_102703, nr_110162 and enST00000430859, and the mrnas serum amyloid a2, microsomal glutathione S-transferase 1 and histone cluster 1 H2B family member g (Fig. 3) . These results were consistent with the microarray data.
GO analysis and pathway analysis. Go analysis revealed functions associated with the differentially expressed genes and provided annotations to describe the genes and gene products (Fig. 4) . The top five downregulated GO functions were the following: 'complex of collagen trimers'; 'endothelial cell morphogenesis'; 'penile erection'; 'positive regulation of renal sodium excretion'; and 'positive regulation of stem cell differentiation' (Fig. 5A) . The top five upregulated GO functions were as follows: 'condensed chromosome outer kinetochore'; 'aldehyde dehydrogenase activity'; 'regulation of mononuclear cell migration'; 'mononuclear cell migration'; and 'condensed nuclear chromosome and centromeric region' (Fig. 5B) .
Pathway analysis revealed 20 downregulated pathways. The top three enriched networks were 'rheumatoid arthritis', 'ecM-receptor interaction' and 'arrhythmogenic right ventricular cardiomyopathy (arVc)' (Fig. 6a) . in addition, 36 upregulated pathways were identified and the top three enriched networks were 'p53 signaling pathway', 'oocyte meiosis' and 'renin secretion' (Fig. 6B) .
CNC network. a total of 615 lncrnas and 16 mrnas were selected to construct the cnc network (Fig. 7) . The cnc network included 488 positive pairs and 438 negative pairs, and each mrna could be associated with 1-20 lncrnas, and vice versa. The cnc network indicated the different molecular mechanisms of hdFcs compared with hPdlcs associated with the inter-regulation of lncrnas and mrnas.
MEG3 regulates the pluripotency of hDFCs. MeG3 was reported to serve a crucial role in initiating embryogenesis and development (21) . The current study depleted MeG3 expression in hDFCs and identified a reduction in the transcription of pluripotency-associated genes (Fig. 8) . in summary, these results may suggest a possible regulatory role of MeG3 in the pluripotency of hdFcs.
Discussion
The dental follicle contains precursor cells that may develop into periodontal ligament, cementum and alveolar bone during periodontal development. hdFcs and hPdlcs are the major cells of the dental follicle and periodontal ligaments, respectively. These cells are key markers that represent different stages of periodontal tissue development; however, hdFcs exhibit more obvious embryonic characteristics, including pluripotency and heterogeneity. Therefore, understanding the mechanisms associated with the differentiation of hdFcs to hPdlcs is crucial for promoting periodontal development and regeneration.
an increasing number of studies have indicated that numerous lncrnas regulate cell differentiation through epigenetics or in-cis/in-trans gene transcription. Previous studies have demonstrated that differential expression levels of lncrnas are associated with human diseases and biological processes. lncrnas serve vital roles in cell development and lineage commitment. Therefore, lncrnas may serve as key regulators of human tissue development and regeneration (22) . lncrnas are differentially expressed during the differentiation of human bone marrow mesenchymal stem cells and PdlScs (23, 24) . To investigate the changes and roles of lncrnas during the development of hdFcs, the current study used high-throughput microarrays to detect the expression levels of genes. only the middle one-third of the root surface was taken while obtaining the periodontal ligament from the extracted tooth; the quantity was small, and collagen fibers and blood vessels in the tissues may have affected the array results. The aim of the present study was to compare the differentially expressed genes between hdFcs and hPdlcs with differentiation capability. cells obtained at P3 have a stronger differentiation capability. a total of 845 lncrnas and 1,012 mrnas were detected to be differentially expressed in hdFcs compared with hPdlcs. By comparing the expression of lncrnas and mrnas in hdFcs and hPdlcs, the present results identified variation in the expression levels of lncrnas and mrnas during the development of hdFcs. The results also indicated that upregulated lncrnas and mrnas were predominant during the development of hdFcs, and differentially expressed mrnas and lncrnas were used as candidates to screen the key genes associated with the differentiation of hdFcs by bioinformatics analysis. The RT-qPCR results confirmed the reliability of the microarray data. Markedly differential expression levels between the two types of cells indicated that lncrnas may serve crucial roles in the differentiation and development of hdFcs.
lncrnas may be categorized as sense, antisense, intronic, intergenic and bidirectional (25) . among them, aSlncrnas are a type of endogenous lncrna that complement other transcripts. antisense transcription is a common phenomenon Figure 2 . Scatter plots and volcano plots of differentially expressed genes. Scatter plots of significantly differentially expressed (A) lncRNAs and (B) mRNAs. The x-axis represents the mean normalized log2 fold-change for the hPdlcs and the y-axis represents the mean normalized log2 fold-change for the hdFcs. Volcano plots were generated to visualize the differentially expressed (c) lncrnas and (d) mrnas. The x-axis indicates the log2 fold-change and the y-axis represents the log2 P-values. The green and red points indicate the upregulated and downregulated lncRNAs and mRNAs with statistical significance, respectively. lncrna, long non-coding rna; hdFc, human dental follicle cell; hPdlc, human periodontal ligament cell.
in humans, and is based on whether the antisense rna acts in cis or in trans. aSlncrnas regulate gene expression at the transcriptional or post-transcriptional level via a number of biological mechanisms, including rna-dna interaction (chromatin remodeling), transcription interference and rna-rna interaction in the nucleus/cytoplasm. aSlncrnas can serve as scaffolds between dna and proteins, and participate in disease processes by assisting with interactions between aSlncrnas, dna and proteins (26) . The current microarray results indicated the aSlncrnas and nearby mrnas that may regulate important biological processes. For example, the lncRNA NR_033932 was identified as one of the transcripts of lncrna repulsive guidance molecule b (rGMB)-aS1, which was revealed to be upregulated in hdFcs compared with hPdlcs. lncrna rGMB-aS1 is located in the antisense region of rGMB, and rGMB carries the exon of the lncrna rGMB-aS1 gene in the reverse strand and orientation of its intron region. lncrna rGMB-aS1 silencing suppresses lung adenocarcinoma and hepatocellular carcinoma cell proliferation, migration and invasion, and leads to cell cycle arrest at the G 1 /G 0 phase (27, 28) . lncrna T152410 was identified to be upregulated in hDFCs compared with hPDLCs. The nearby gene SMAD specific E3 ubiquitin protein ligase 2 (SMurF2) is a member of the HecT family of e3 ubiquitin ligases that regulate the polarity of cells during embryonic development and other signaling pathways for osteoblast migration, proliferation and differentiation. notably, the anti-proliferative effect of SMurF2 sirna is mediated by arresting cells in the G 0 /G 1 phase, similar to the lncrna rGMB-aS1 (29, 30) . This suggests that these two aSlncrnas may promote hdFc migration, proliferation and differentiation by regulating the cell cycle. lncRNA, long non-coding RNA; FGF13-AS1, fibroblast growth factor 13-antisense rna 1; aPcdd1l-aS1, aPc down-regulated 1 like-antisense rna 1. KrT5, keratin 5; SoX11, SrY-box 11; lrP1B, ldl receptor related protein 1B; Slc7a3, solute carrier family 7 member 3; cTaG2, cancer/testis antigen 2; SliTrK6, SliT and nTrK like family member 6; SPaTa22, spermatogenesis associated 22; SHiSa2, shisa family member 2; laMP3, lysosomal associated membrane protein 3; MMP13, matrix metallopeptidase 13; rPTn, repetin; PSG2, pregnancy specific β-1-glycoprotein 2; adra2a, adrenoceptor α 2a; SoST, sclerostin; FLG, filaggrin; KCNB1, potassium voltage-gated channel subfamily B member 1; Slc14a1, solute carrier family 14 member 1; MFAP5, microfibril associated protein 5; PSG5, pregnancy specific β-1-glycoprotein 5; PSG7, pregnancy specific β-1-glycoprotein 7.
lncrnas may exert effects by controlling the transcriptional regulation of nearby coding genes (31) . Subgroup analysis of the microarray demonstrated that a number of differentially expressed lincrnas located near mrnas The microarray analyses were normalized and the rT-qPcr results were calculated using the 2 -ΔΔcq method. Saa2, serum amyloid a2; MGST1, microsomal glutathione S-transferase 1; HiST1H2BG, histone cluster 1 H2B family member g; KcnK12, potassium two pore domain channel subfamily K member 12; ccl11, c-c motif chemokine ligand 11; MdK, midkine; rT-qPcr, reverse transcription-quantitative polymerase chain reaction; lncrna, long non-coding rna; hdFc, human dental follicle cell; hPdlc, human periodontal ligament cell.
are associated with tissue development. For example, lncrna enST00000512129 and nearby mrna lymphoid enhancer binding factor 1 (leF1) were downregulated in hdFcs compared with hPdlcs. as a key mediator of the Wnt/β-catenin signaling pathway and epithelial-mesenchymal interaction, leF1 has been revealed to regulate incisor development. leF1 also serves a key role in stem cell maintenance along with SoX2 and paired like homeodomain 2 (32, 33) . lncrna enST00000540293 and some nearby matrix metalloproteinase (MMP) mrnas were revealed to be downregulated in hdFcs. MMPs are effective proteolytic mediators during ecM remodeling, and regulate the notch signaling pathway, which is involved in differentiation. MMPs are able to regulate the necessary changes in the microenvironment, and overexpression of MMPs increases cell differentiation during development by altering the bioavailability of chemokines and cytokines that affect stem cell function (34) . These results could be explained by evidence that lncrnas regulate the expression of neighboring genes to promote cellular survival and differentiation (35) .
Pathway analysis revealed that the top three downregulated pathways were 'rheumatoid arthritis', 'ecM-receptor interaction' and 'arrhythmogenic right ventricular cardiomyopathy (arVc)'. in addition, the top three upregulated pathways were 'p53 signaling pathway', 'oocyte meiosis' and 'renin secretion'. among these pathways, the p53 pathway is a vital signaling pathway in tumor biology. The expression level of p53 is high during early embryonic development. p53 serves an important role in self-renewal and human embryonic stem cell differentiation by regulating specific target genes or mirnas and reactivating developmental pathways for tissue regeneration (36) . The calcium pathway is a ubiquitous intracellular signaling pathway that participates in numerous cellular processes, including cell proliferation, differentiation and apoptosis. as an intracellular messenger, calcium serves an important role in the cellular signaling pathways at different stages of stem cell differentiation (37) . upregulation of calcium-mediated signaling is essential for the maintenance of stem cells. The current results indicated that these pathways may be involved in the development of hdFcs.
in addition, cnc analysis revealed a potential regulatory network between lncrnas and mrnas, and the mrnas selected for cnc analysis were closely associated with the pathways in the development process of stem cells (38, 39) . among the lncrna-mrna pairs, lncrna uc021sxs.1 was differentially expressed in hdFcs compared with hPdlcs and was correlated with dickkopf-1 (dKK1). dKK1 serves as an antagonist of the canonical Wnt signaling pathway by binding to the Wnt receptor lrp5/6, which is central to embryonic and adult bone development (40) . The lncrna enST00000609146 was upregulated in hdFcs compared with hPdlcs and it was negatively correlated with Wnt5a. Wnt5a regulates a variety of biological processes, signaling pathway to promote mesendoderm differentiation (42) . The correlations between these lncrnas and mrnas indicate that lncrna uc021sxs.1 and lncrna enST00000609146 may be involved in associated signaling pathways by regulating mrna expression. in addition, the results suggest that the activation of the Wnt signaling pathway may serve a critical role in hdFc development.
although numerous studies have been conducted to identify cell factors that maintain the pluripotency of periodontal cells (43) , potential lncrnas with similar functions remain unknown. The current results demonstrated that MeG3 may serve a role in the establishment or maintenance of the stem cell state. a study conducted by lee et al (44) reported that 1.49% of mrnas in hdFcs were differentially expressed (fold change >2.0 or <-2.0; P<0.05) compared with hPdlcs. The current microarray results indicated that among a total of 16,531 mrnas, the expression levels of 1,012 mrnas (6.12%) were significantly different in hdFcs compared with hPdlcs. differences in the ages of participants and cell state may explain this discrepancy. compared with the study by lee et al (44) , the current analysis predominantly focused on the potential lncrnas instead of mrnas, which may serve critical roles in hdFc differentiation.
The present results may promote further studies to investigate the functions of genes and the regulatory mechanisms in hdFcs and periodontal tissue, and may advance the use of stem cell-based therapies in regenerative medicine. Furthermore, more studies should be conducted to investigate the potential functions that differentially expressed lncrnas serve in multiple biological processes of hdFcs and periodontal tissue.
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